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We report on the design, preparation by Molecular Beam Epitaxy and study of low-density 
InAs quantum dot structures grown on metamorphic InGaAs layers for the realization of 
single-photon sources at telecom wavelengths. 
 
1. Introduction 
The possible manipulation of single photons leads to the envisaging of a revolutionary 
advancement in the ICT field. The building-block of the future "Quantum Communication" 
technology is the object that enables the control of the single photon; self-assembled 
semiconductor Quantum Dots (QDs) [1] are optimal candidates since the zero-dimensionality 
of carriers actually makes them "artificial atoms" with the added value of direct integration 
into a solid-state platform: QD structures prepared using advanced epitaxial growth 
techniques, such as Molecular Beam Epitaxy (MBE), already proved to have interesting 
properties for the realization of single-photon sources [2]. The basic requirement of these 
structures consists in a very low QD surface density (in the order of few QD/µm2), in addition 
emission at telecom wavelengths (1.3 µm - 1.55 µm) would be a relevant advantage for 
applications based on optical fibers. Specific epitaxial growth procedures need to be 
indentified to tune both the emission and density of QD structures to these values [3] and, 
while single-photon emission at 1.3 µm from InAs/GaAs QDs has been proven [4,5], single 
QD emission at 1.55 µm is undoubtedly a more demanding task. A technique that proved to 
be successful for the preparation of structures with high QD density and 1.55 µm emission on 
GaAs substrates is based on the so-called "QD Strain Engineering" approach that relies on 
the use of metamorphic InGaAs buffers to relief the QD strain and reduce the band 
discontinuities that confine the carriers in QDs [6,7]. Nevertheless, very few attempts of 
growing QDs with low density on metamorphic layers have been reported to date, including 
approaches based on graded QD coverage deposition [8]; although it provides low values of 
QD density, such technique gives rise to an non-uniform distribution of QDs on the growth 
surface that is undesirable from a technological point of view. Recently, we reported on an 
alternative approach based on "sub-critical" deposition of InAs layers that overcomes the 
aforementioned limitation [9,10]. 
Here we report on the design, MBE growth and study of InAs QDs obtained by "sub-critical" 
deposition on metamorphic InGaAs layers grown on GaAs substrates. By analyzing the 
results of morphological and optical characterization of these structures and of QDs directly 
grown on GaAs, we discuss the peculiarities of the "sub-critical" growth approach in 
connection to the characteristics of metamorphic layers.  We show that the emission of the 
ensemble of low density QDs can be tuned in the 1.1 - 1.6 µm range by changing the 
composition: (i) of the metamorphic InxGa1-xAs lower confining layer (LCL), in the 0.15 ≤ x ≤ 
0.30 range, and (ii) of the InyGa1-yAs upper confining layer (UCL) grown on top of the QDs, in 
the 0.15 ≤ y ≤ 0.60 range. In particular, our work led to the preparation of structures with 1.5 
QDs/µm2 and 1.64 µm low-temperature emission, of great interest for the realization of 
single-photon sources at telecom wavelengths. 
 
2.  Experimental  
QD structures consist of: i) 100 nm-thick GaAs buffer layer grown by MBE at 600 °C, ii) 500 
nm-thick InxGa1-xAs LCL deposited by MBE at 400 °C, iii) 5 nm-thick GaAs layer grown by 
Atomic Layer MBE (ALMBE) at 400 °C to smooth the surface, iv) an InAs layer of coverage θ 
deposited by MBE followed by a Post Growth Annealing (PGA) of time τ under As flux at 490 
°C and v) a 20 nm-thick InyGa1-yAs UCL grown by ALMBE at 360 °C. LCL compositions were 
x = 0.15 and x = 0.30, while UCL ones where chosen in the 0.15 ≤ y ≤ 0.60 range; reference 
samples in which QDs are grown directly on GaAs and capped with a GaAs layer were also 
prepared. Contact mode AFM measurements were performed on uncapped QD structures to 
study surface morphology and evaluate the QD density. PL characterization was performed 
by a 532 nm excitation at 10 K with a Fourier transform spectrometer with 1 meV resolution. 
Spectra were corrected for the response of the set-up. 
 
3. Results and Discussion 
In order to obtain reproducible low-density QD structures, in this work we apply a recently 
proposed approach [11], where InAs QDs are formed during the post-growth annealing of an 
InAs layer thinner than the critical thickness θc for the two dimensional-to-three dimensional 
(2D-to-3D) growth transition. 
Reflection High Energy Diffraction (RHEED) experiments, performed on suitable calibration 
samples, that allow to measure the time for the transition from a streaky diffraction pattern to 
a spotty one, demonstrated that θc depends on the composition x of the relaxed InxGa1-xAs 
layer underlying InAs islands. In particular θc was found to be 1.8 ML and 2.2 ML for x = 0.15 
and x = 0.30, respectively. These values are larger as compared to the critical coverage θc = 
1.6 ML for the deposition of InAs on GaAs, conceivably due to the lower lattice-mismatch 
between InAs QDs and the partially relaxed InGaAs LCLs with respect to the InAs/GaAs 
system. Moreover, nucleation mechanisms dependent on composition-related properties of 
InGaAs metamorphic layers, such as strain status and surface corrugation, should be taken 
in account [12]. 
The optimized values of sub-critical coverages θ and PGA times τ to match the low-density 
requirement for each buffer composition (x = 0, 0.15 and 0.30) were derived from AFM 
measurements carried out on uncovered QD structures grown under identical conditions to 
those used in PL experiments reported below. AFM analyses reveal the combinations of θ 
and τ values that concomitantly lead to very low QD densities, down to 108 cm-2, and to 
uniform dot distributions on surfaces. Top-view AFM micrographs of Figure 1 show the 
topographical features of InAs QDs deposited on (a) GaAs, (b) In0.15Ga0.85As and (c) 
In0.30Ga0.70As, with θ and τ parameters as indicated in the caption. QD densities calculated 
from the statistical analysis of larger scan area AFM images, not reported here, are 6 x 108 
cm-2, 2 x 108 cm-2 and 1.5 x 108 cm-2, for x = 0, x = 0.15 and x = 0.30 respectively. It is 
important to note that QD structures grown on GaAs layer show a smooth morphology of the 
surface underlying InAs islands. On the contrary, for both x = 0.15 and x = 0.30 
compositions, the structures exhibit surface roughening in the form of undulated surface 
morphologies. This is a consequence of the corrugation of the growth-front during the 
deposition of InGaAs metamorphic layers and it is known to affect QD nucleation and 
positioning [12,13]. 
 
 
 
 
 
 
 
 
 
 
Figure 1. AFM images of (a) InAs/GaAs (θ = 1.5 ML and τ = 100 s), (b) InAs/In0.15Ga0.85As (θ 
= 1.5 ML and τ = 100 s) and (c) InAs/In0.30Ga0.70As (θ = 1.8 ML and τ = 300 s) QD structures. 
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Figure 2. (a) PL spectra at 10 K of low density QD structures for different x values of the 
InxGa1-xAs LCL and y values of the InyGa1-yAs UCL; (b) PL peak emission of low density QD 
structures at 10 K as function of the y values of the InyGa1-yAs UCL, the x values of the 
InxGa1-xAs LCL are indicated; arrows indicate the effect of PGA time increase. 
 
 
PL emission spectra at 10 K of some representative QD structures are shown in Figure 2 (a) 
for QDs deposited on GaAs and for metamorphic structures with different x composition of 
the InxGa1-xAs UCL. The emissions are rather wide, possibly due to contributions of different 
QD families and to dishomogeneities in their dimensions. It can be seen how, by increasing 
x, the emission wavelength is consistently redshifted. In Figure 2 (b) we report peak emission 
energies of QDs as functions of the In composition of the InyGa1-yAs upper confining layer. 
For structures grown on GaAs and on relaxed InGaAs LCLs with x = 0.15 we have also 
indicated with arrows the little redshift of the QD emission wavelength that occurs when the 
PGA time is increased. As AFM images did not evidence clearly understandable changes in 
QD morphologies, this effect could be explained by changes in composition of QDs/CLs due 
to enhanced intermixing when annealing times are increased. On the other hand, when QDs 
are deposited on metamorphic LCLs the emission is much more consistently redshifted when 
x is increased. As widely discussed in [6], this effect may have more than a single cause: i) 
the lowering of QD-CL band discontinuities, ii) the change in QD size and/or composition due 
to QD-cap intermixing effects and iii) a reduction of the QD strain. In order to extend the 
emission wavelength towards 1.55 µm, instead of further increasing x and incur in worsening 
of the surface morphology, we opted to increase the UCL In composition y beyond the value 
of 0.30, as it was done in pseudomorphic structures [3,5]: by using UCL with y = 0.60 we 
were able to go even beyond 1.55 µm. From Figure 2 it can be appreciated how, by changing 
the composition y of the UCLs in structures with x = 0.30, the emission wavelength can be 
tuned in the whole 1.3 - 1.6 µm range while keeping the same QD growth scheme and the 
same metamorphic LCL parameters. 
 
4. Conclusion 
In conclusions, we grew by MBE low density QD structures by depositing sub-critical InAs 
coverage on GaAs and on InxGa1-xAs metamorphic LCLs with emission tunable at 1.3 and 
1.55 µm. The relevant parameters to obtain QD density in the order of few QDs/µm2 have 
been studied and the peculiarities of the metamorphic system were put in evidence. We 
showed how, by choosing suitable values of x and y, the PL emission wavelength can be 
tuned in the whole range 1.3 - 1.6 µm, reaching in particular 1.64 µm, a noticeable value for 
nanostructures grown on GaAs. We believe these results demonstrate the usefulness of the 
metamorphic approach to grow InAs nanostructures suitable as single photon sources, as 
also confirmed by preliminary single dot characterization [14]. Moreover, this design has the 
potentiality for tuning emission and other single dot properties, by applying the so-called 
Quantum Dot Strain Engineering approach [6,12]. 
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